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We hereby approve the thesis/dissertation of ______________________________________________________ ________________________________ candidate for the degree *. oscillations during diastole in the whole heart are due to calcium release from the sarcoplasmic reticulum (SR) and are facilitated by calcium diffusion between neighboring cells. We show that diastolic calcium oscillations in the whole heart are caused by calcium release from the SR and can be enhanced or reduced by increasing and decreasing, respectively, the probability of SR calcium release. In addition, enhancing the probability of SR calcium release synchronized the timing of calcium oscillations across the heart. Surprisingly, decreased cell-to-cell coupling did not block or reduce diastolic calcium oscillations, suggesting their mechanism is governed by regional intrinsic tissue properties. These findings may provide new insight on the mechanisms of cardiac arrhythmias caused by spontaneous diastolic calcium oscillations.
Introduction
Calcium-mediated triggered arrhythmias have been shown to occur in a wide variety of conditions such as heart failure (9, 20, 26) (18, 27) have shown that calcium handling properties vary both from apex to base and transmurally. An alternative mechanism for synchronizing calcium oscillations is calcium diffusion between neighboring myocytes through gap junctions (11, 16, 32) . We hypothesize that spontaneous calcium oscillations during diastole in multiple neighboring myocytes is due to calcium release from SR through the RyR and is facilitated by calcium diffusion between cells through gap junctions.
Methods

Experimental preparation
Experiments were performed in accordance with Public Health Service 
Experimental protocol
All preparations were electrically quiescent or had slow automatic rhythms (30-60 bpm). Hearts were rapid paced (170 -400 bpm) with one-to-one capture, for 15 seconds followed by a halt in pacing to elicit spontaneous calcium oscillations during diastole. To determine if spontaneous calcium oscillations were due to calcium release from the SR, recordings were also performed during the administration of the RyR agonist caffeine (CAFF, 1 mM, Sigma-Aldrich), and the RyR antagonist ryanodine (1 µM, Sigma-Aldrich). To examine the role of gap junctions, recordings were also performed during administration of the gap junction antagonist carbenoxolone (CBX, 50 µM, Sigma-Aldrich).
Data analysis
Calcium 
Results
Pacing-induced diastolic Ca 2+ oscillations in the intact guinea pig heart
Shown in Figure 1A is the ECG and intracellular calcium recorded upon termination of rapid pacing (S1) at a rate of 210 bpm under control conditions in the whole heart. The calcium trace from a single photodiode element represents average cellular activity from a 0.81 mm 2 region of roughly 25,000 cells.
Immediately after the last paced beat, during diastole, an oscillation of calcium is observed (arrow). There is no evidence of electrical activity on the ECG, suggesting that this oscillation is not driven by action potential activity. Moreover, the oscillation has a relatively slow rise time and is low in amplitude compared to To test the sensitivity of m-SCR activity to increased RyR P o , a low concentration of caffeine (CAFF, 1 mM) was administered. Figure 3A shows
representative m-SCR activity measured from the same recording site before Additionally, CAFF washout showed a reversal of effect (results not shown).
Taken together, these data provide further evidence that m-SCR activity is due to multi-cellular spontaneous calcium release from the SR.
Spatial heterogeneity of m-SCR activity
In every experiment, m-SCR activity was observed over the majority of the mapping field (Panel A, 14.2 x 14.2 mm), even at slow pacing rates (150 bpm).
However, Tp and m-SCR amplitude were heterogeneously distributed. Figure 4B shows intracellular calcium measured at two separate sites 
m-SCR activity and decreased gap junction coupling
Since m-SCR activity occurs in many cells over a similar time frame, it is possible that calcium diffuses through gap junctions, triggering calcium release in The amplitude of m-SCR activity increased with CBX, but the pattern of m-SCR amplitude remained the same (greatest near the apex), where we have previously shown calcium transients are largest (15) . These data suggest that similar intrinsic properties between neighboring sites are the mechanisms of synchronizing regional m-SCR activity, rather than gap junction coupling.
Discussion
In the present study we demonstrate non-electrically driven multi-cellular spontaneous calcium release (an m-SCR) in whole Langendorff perfused heart.
The primary findings of this report are: 1) overt m-SCR activity occupies a large portion of the heart and can be routinely induced over a broad range of pacing rates, 2) enhanced RyR P o increases both the amplitude and temporal synchronization of m-SCR activity, and 3) decreased cell-to-cell coupling does not decrease m-SCR activity but, surprisingly, has an enhancing effect similar to increased RyR P o . This study is the first to report that increased RyR P o can temporally synchronize m-SCR activity across the surface of the heart.
Additionally, we are the first to look at the role gap junctions play in spontaneous calcium release from the SR at the tissue level. These findings will help shed light on how diseases that increase RyR P o or decrease cell-to-cell coupling can impact calcium mediated arrhythmogenesis in the whole heart.
Spontaneous calcium release from multiple myocytes in situ (m-SCR)
The m-SCR activity we report in the present study represents nonelectrically driven multi-cellular spontaneous release of calcium from the SR.
Previously, we (9, 13, 15) and others (4, 19) have also shown non-electrically driven calcium release from the SR in a variety of cardiac tissue and disease conditions. At the sub-cellular level, Fujiwara et al. (6) has demonstrated with confocal microscopy in the Langendorff-perfused rat heart that spontaneous calcium release occurs at the myocyte level and can be completely blocked by ryanodine. Alternatively, ter Keurs et al. (10, 21) have shown in tissue that nonelectrically driven calcium oscillations can also originate from non-uniform stretch, known as a triggered propagated contraction (TPC). It is unlikely that m-SCR activity measured in the present study is due to TPCs, because motion and, thus, non-uniform stretch was absent due to electromechanical uncoupling. One of the surprising findings of our study was that m-SCR activity could be induced with relatively slow pacing rates (380 BPM) and encompassed a large region of the heart in the absence of disease. These data suggest that multi-cellular spontaneous calcium release may be more common than previously thought.
We also observed m-SCR activity in hearts that were not endocardially cryoablated; however, these data were difficult to analyze due to intrinsic activity of the ventricles.
Mechanism of m-SCR synchronization
Spontaneous calcium release, in the form of calcium sparks and waves, is well described at the single myocyte level, but it unclear how spontaneous calcium release in neighboring myocytes coalesce to produce an arrhythmia.
Two potential mechanisms that may play a role in synchronization of spontaneous calcium release in tissue are: 1) regional differences in intrinsic calcium handling properties and 2) intercellular communication through gap junctions. Regional differences in calcium handling, such as increased calcium reuptake (17), or increased diastolic calcium (13), could account for regions of increased RyR P o and subsequent increased propensity for m-SCR activity. In the guinea pig heart, calcium transients are larger and have a faster reuptake rate at the apex compared to the base (15) , and endocardial layers have 22%
less RyR and 44% less SERCA (31) . Such intrinsic heterogeneities in calcium handling proteins and properties could account for the regional distribution of m-SCR amplitudes that we observed between the apex and base on the epicardial surface of the guinea pig heart. A recent study by Maruyama et al., (19) suggests that difference in spontaneous calcium release between the endocardium and the epicardium may account for transmural difference in DAD amplitude, but the mechanisms that contribute to differences in calcium release are unknown.
Intercellular calcium diffusion through gap junctions may be an alternative mechanism by which spontaneous calcium release occurs in multiple neighboring cells. For example, m-SCR activity may arise from a calcium wave in a single myocyte, which then "diffuses" to neighboring myocytes. However, the data supporting whether or not calcium can diffuse through gap junctions is not clear. Some reports suggest that calcium waves have a low probability of propagating through gap junctions (11, 16) . However, Baader et al. (1) showed that, in the whole newborn rat heart, spontaneous calcium waves readily propagated between neighboring cells. Moreover, ter Keurs et al (32) showed that gap junctions are vital for the propagation of TPCs along the length of a rat trabeculae, and that gap junction inhibition prevents TPC formation. We report that m-SCR activity is preserved during gap junction inhibition suggesting that calcium diffusion to neighboring myocytes is not required to produce an m-SCR.
In fact, gap junction uncoupling increased m-SCR activity (see Figure 6 ).
The mechanisms responsible for increased m-SCR activity associated with gap junction uncoupling are difficult to ascertain from our results. One possibility is that normally a small portion of cytoplasmic calcium during a local release "leaks" to neighboring myocytes, but when gap junctions are inhibited, calcium is confined to a single cell, thus increasing local calcium release, analogous to the effect electrical load has on action potential upstroke velocity.
Gap junction uncoupling may also unmask underlying intrinsic heterogeneities, as demonstrated in Figure 7 . Alternatively, reduced gap junction coupling could influence intracellular calcium handling indirectly through source-sink changes in membrane potential either by (1) increasing peak L-type calcium current due to a more rapid action potential upstroke (29) , or (2) a membrane voltage dependant feedback mechanism that modulates RyR P o similar to that in skeletal muscle (12) .
Study limitations
The primary goal of this study was to investigate the mechanisms that influence spontaneous calcium release in tissue (i.e. an m-SCR), which required high fidelity calcium signals. Accordingly, we did not record transmembrane voltage in this study, but we (9) and others (6, 19) have shown that spontaneous calcium release in tissue can lead to DADs and triggered beats. The experiments reported in this study were performed using higher than normal extracellular calcium (2.5 mM) to augment spontaneous calcium release.
Experiments were also performed at normal calcium concentrations (2.5 mM), and m-SCRs were observed and behaved similar as that under high calcium concentrations; however, m-SCR amplitude was lower. We used the paralytic, cytochalasin-D in all the experiments within this study to eliminate contraction and resultant motion artifact from our optically recorded calcium signals.
However, by inhibiting motion in our model, we were unable to measure diastolic calcium oscillations that could be due to non-uniform contraction (30) and stretch activated membrane channels (7), which may also play an important role in calcium mediated arrhythmogenesis.
Conclusions
Calcium mediated triggered arrhythmias have been implicated in a wide variety of disease states such as heart failure, CPVT, diabetes, and the post-MI border zone. Our observations show that spontaneous calcium release in multiple neighboring cells (an m-SCR) occurs in ventricular muscle, a potential source of DADs in addition to Purkinje fibers (2) . In disease when RyR is leaky, sparks and, thus, m-SCR activity may be enhanced. However, if gap junction coupling is reduced as well, then m-SCR activity will be further enhanced ( Figure   7 ). In addition, the change in membrane potential per m-SCR (i.e. DAD), will be enhanced due to reduced electrotonic load, creating a potent substrate for triggered arrhythmias.
We show that spontaneous calcium release from the SR occurs at slow pacing rates ( 
